Initiation of geminivirus DNA replication depends on the activity of the initiator protein (Rep) upon interaction with DNA sequences present in the intergenic region of the viral DNA. In this study, we have analyzed the DNA sequences present in the large intergenic region (LIR) of wheat dwarf virus (WDV), a subgroup I member of the geminivirus family, which are required for viral DNA replication. We have (i) defined the boundaries of the viral cis-acting DNA replication element, (ii) determined the contribution of different domains of the LIR to DNA replication efficiency, and (iii) visualized WDV Rep±DNA complexes. Analysis of unidirectional deletions from both sides of the LIR leads us to establish that a ϳ200-bp cis-acting element (core) is essential for viral DNA replication. It spans ϳ170 and 28 bp upstream and downstream, respectively, from the initiation site (ϩ1), located in the invariant loop. This core element is flanked, at each side, by auxiliary regions (5Ј-aux and 3Ј-aux, ϳ70 and ϳ25 bp long, respectively), which contain DNA sequences that stimulate DNA replication. Competition experiments using viral replicating vectors bearing wild-type or mutant WDV LIRs suggest that the auxiliary regions may contribute to the stabilization and/or activity of the initiation complex formed by WDV Rep at the origin. We have visualized DNA±protein complexes by electron microscopy and a high-affinity binding site of WDV Rep protein within the core element has been mapped to ϳ144 Ϯ 18 bp upstream from the initiation site, between the start site for complementary-sense transcription and the TATA box. Our studies (i) establish the modular structure of the WDV DNA replication cis-acting element and (ii) provide direct evidence for the formation in vitro of a large nucleoprotein complex within the essential cis-acting element.
INTRODUCTION
Geminiviruses constitute a family of plant DNA viruses which are unique in several aspects. They replicate in the nucleus of the infected cell, exclusively through DNA intermediates, with the viral genome associated with histones to form minichromosomes and that require an extensive participation of cellular proteins (reviewed in Lazarowitz, 1992; Bisaro, 1996) . Viral DNA replication occurs in two stages: first by conversion of the genomic single-stranded DNA (ssDNA) into double-stranded DNA (dsDNA) intermediates and second by production of new dsDNA intermediates and mature ssDNA genomes by a rolling-circle type of mechanism (Saunders et al., 1991; Stenger et al., 1991) . This rolling-circle replication stage represents an excellent model for studying protein±DNA interactions during initiation and elongation by an unidirectional process.
As it has been defined for other so-called`simple genomes,'' initiation of DNA replication depends on the activity of a protein±DNA complex of the initiator protein(s) with the genetically defined cis-acting sequence which constitutes the replicator (reviewed in DePamphilis, 1996) . In the case of geminiviruses, the molecular details of the interactions between trans-acting factors of viral, and perhaps, cellular, origin and cis-acting signals are still largely unknown. The only viral protein absolutely required for DNA replication is the Rep protein, also named C1:C2, C1, or AC1 (AL1) in geminiviruses belonging to subgroups I, II, and III, respectively (reviewed in Lazarowitz, 1992; Bisaro, 1996) . Rep is able to carry out the initiation reaction by nicking at one specific site within the (ϩ)strand of the viral dsDNA form. The initiation site has been mapped both in vitro (HeyraudNitschke et al., 1995; Orozco and Hanley-Bowdoin, 1996) and in vivo (Heyraud et al., 1993; Stanley, 1995) . The geminivirus genome does not encode replicative polymerases and, therefore, except for the Rep protein, viral DNA replication relies extensively on cellular proteins.
Previous results suggest that, in addition to cellular factors directly involved in DNA replication, viral DNA replication requires an adequate cellular environment and may be modulated by cellular proteins. For example, viral replicative forms of Digitaria streak virus (DSV) are most frequently found in S-phase nuclei (Accotto et al., 1993) .
Expression of tomato golden mosaic virus (TGMV) Rep (AL1) protein in transgenic tobacco plants leads to an accumulation of proliferating cell nuclear antigen (PCNA) in terminally differentiated cells (Nagar et al., 1995) . Furthermore, wheat dwarf geminivirus (WDV) RepA (C1) pro-tein can interact with retinoblastoma (Rb) proteins from human Grafi et al., 1996; Collin et al., 1996) and plant (ZmRb1) cells (Xie et al., 1996) through its LXCXE Rb-binding motif. More recently, such interaction has been also shown for TGMV Rep (Ach et al., 1997) , although the amino acid residues which mediate binding to Rb are not yet known. Altogether, these studies strongly suggest that upon geminivirus infection, one (or more) viral protein can induce S-phase functions and that this activation is likely mediated by interference with the Rb regulatory pathway .
All geminivirus genome components possess an intergenic region containing cis-acting signals required for both transcription and DNA replication (reviewed in Lazarowitz, 1992; Bisaro, 1996) . An invariant 9-nt sequence, located in the loop of a potential stem-loop structure (cruciform in dsDNA) exists. In fact, this structure has been shown to be formed in duplex DNA (Sunter et al., 1985) and is critical for replication origin function (Orozco and Hanley-Bowdoin, 1996) . Previous studies with subgroup III (TGMV; Revington et al., 1989; Fontes et al., 1992; Lazarowitz et al., 1992; Eagle et al., 1994; Fontes et al., 1994a) and, to a lesser extent, with subgroup II (BCTV, beet curly top virus; Stenger, 1995, 1996) members have served to define a modular organization of the intergenic region (Fontes et al., 1994b; Choi and Stenger, 1996) . A comparable set of data is lacking for subgroup I. However, since a subgroup-specific organization for the geminivirus origin of dsDNA replication has been proposed (Argu Èello-Astorga et al., 1994) , it is important to identify the cis-acting sequences required for DNA replication in geminiviruses which are evolutionary distant. Here, we report the mapping of the boundaries defining the minimal element required for DNA replication in WDV, a member of subgroup I, as well as the characterization of its domain organization. We have also visualized WDV Rep±DNA complexes by electron microscopy and identified a high-affinity binding site of Rep in a DNA region essential for DNA replication.
RESULTS

Experimental approach
To determine the cis-acting signals within the WDV LIR which are required for WDV DNA replication, we have made use of plasmid pWori, a WDV-based vector which can replicate in cultured wheat cells. This vector has been used previously to evaluate the effect of the Rbbinding motif of RepA and of plant Rb (Xie et al., 1996) on WDV DNA replication efficiency and to determine the effects of plasmid size and origin structure on the kinetics of accumulation of viral DNA in transfected wheat cells (Sua Â rez-Lo Â pez and Gutierrez, 1997). Plasmid pWori contains all the necessary elements required for viral DNA replication: the large (LIR) and small (SIR) intergenic regions (Kammann et al., 1991) and the complementary-sense transcription unit with the potential to encode the viral RepA and Rep proteins (Fig.  1A) . A derivative of pWori which contains a 633-bp deletion (between the HindIII and the NdeI restriction sites) within the complementary-sense transcription unit was constructed (pWori⌬⌬; Fig. 1A ). Since pWori ⌬⌬ does not produce a functional Rep protein, this plasmid cannot replicate in wheat cells unless it is cotransfected with a plasmid expressing the viral proteins, i.e., pWori. In this case, both plasmids replicate (Fig. 1B) but, although both of them have an identical LIR, pWori⌬⌬ accumulates more efficiently, consistent with its smaller size, as shown previously (Sua Â rez-Lo Â pez and Gutie Â rrez, 1997).
The DNA accumulation level of pWori⌬⌬ derivatives carrying partially deleted LIRs and the ratio to pWori accumulation was used to analyze the effect of LIR deletions on viral DNA replication. Plasmid DNA detected 2±3 days after transfection corresponded to material amplified in wheat cells through semiconservative DNA replication, and not to input DNA, as indicated by its sensitivity to MboI digestion (Fig. 1B) . This was the case in all the experiments described in this paper, although the DpnI/MboI analysis has been omitted in the rest of the figures for simplicity. Series of unidirectional deletions were made from either side of the WDV LIR and cloned into pWori⌬⌬, as described under Material and Methods. To name the series of plasmids containing partially deleted LIR sequences, we used the following criteria ( Fig. 1C ): (i) the 5Ј nucleotide at the nick site, produced during initiation, was taken as position ϩ1, (ii) numbers indicate the distance, in nucleotides, between position ϩ1 and the boundary of the deleted LIR, and (iii) the negative and positive signs refer to the direction, relative to the initiation site, toward the 5Ј or the 3Ј side, respectively (Fig. 1C) . For the particular WDV isolate used in our study (2750 nt; Woolston et al., 1988) and according to the nomenclature used throughout this work, map positions 2592 and 253 would correspond to positions Ϫ242 and ϩ170 of the LIR, respectively. The plasmid numbering system used here is based on a functionally relevant event, e. g., the initiation site for rolling-circle replication. It provides a simplified method for identification and comparison of LIR/common region areas in geminiviruses of all three subgroups.
The 5Ј boundary
To determine the 5Ј boundary of the cis-acting element required for WDV DNA replication, the effect of unidirectional deletions from the 5Ј end of the LIR on WDV DNA replication was analyzed in cells cotransfected with pWori. All LIR mutants analyzed in this series have an identical 3Ј boundary while progressive deletions extend from the other side, as indicated in Fig. 2 (top) . A relatively small deletion already had a detrimental effect on the replication efficiency of the test plasmid ( Fig. 2; Ϫ221) , as indicated by the decrease in the total amount of the test plasmid DNA and the increase in the amount of pWori replication, compared with the control (Fig. 2C, Ϫ242) . Deletion up to position Ϫ199 severely reduced the amount of newly formed plasmid DNA ( Fig. 2; Ϫ199) . The rest of the 5Ј partially deleted LIR mutants analyzed were unable to allow plasmid replication, indicating that the region located downstream from position Ϫ199 contains cis-acting signals required for WDV DNA replication.
To define precisely the 5Ј boundary of the cis-acting element, we carried out a fine mapping using plasmids bearing small deletions within the region between positions Ϫ199 and Ϫ178. As shown in Fig. 3 , a plasmid carrying a deletion up to position Ϫ188 still gave a small, but detectable, signal 3 days after transfection, while a further 10-bp deletion reduced plasmid accumulation to barely detectable levels. Thus, we conclude that sequences in the region between position Ϫ188 and the initation site (ϩ1) are required for viral DNA replication, while sequences between positions Ϫ242 and Ϫ188, although not essential, stimulate DNA replication.
The 3Ј boundary A similar study with deletions from the 3Ј side of the LIR was carried out (Fig. 4) . Deletion up to position ϩ63 still allows efficient DNA replication of the test plasmid. A plasmid containing a larger deletion (up to position ϩ34) started to affect plasmid accumulation, as indicated by the small increase in pWori replication relative to the plasmid carrying the partially deleted LIR ( Fig. 4 ; compare to the control lane C, ϩ170). We interpret this result as a cis-acting effect, although a trans-acting stimulation of pWori replication cannot be completely ruled out. This deleterious effect was maintained in a larger deletion (up to position ϩ28). Finally, replication of a plasmid carrying a deletion up to position ϩ25, downstream from the nicking site, which still retains intact both arms of the inverted repeat, was undetectable in this assay. From this analysis, we conclude that the 3Ј boundary of the WDV sequences required for DNA replication is located around position ϩ28 and that sequences between positions ϩ28 and ϩ50/ϩ63, although not essential, stimulate DNA replication.
Ability of partially deleted LIRs to direct DNA replication in the absence of another replicating plasmid
In the experiments presented so far, the initiator protein Rep was provided in trans by pWori, a replicating plasmid which contains a full-length WDV LIR and, there- Detection of WDV DNA replication in cultured wheat cells, 2 and 3 days after transfection by a biolistic procedure. Total DNA was extracted at the indicated times after bombardment, and equal amounts of DNA were fractionated through 0.7% agarose gels. After ethidium bromide staining (left panel), the samples were transferred to nylon membranes (Biodyne A), and WDV DNA was identified by hybridization to a labeled probe (right panel). DNA samples were also analyzed for their sensitivity to MboI digestion to demonstrate that, under these conditions, the detected plasmid material corresponded to fully replicated DNA (MboI-sensitive) and not to input DNA. The supercoiled forms of the plasmids are indicated by arrows (other bands correspond to the linear and nicked/relaxed forms). (C) Schematic organization of the WDV LIR including the 19-bp repeats (small arrows) flanking the conserved TAATATTAC sequence (open box) where the initiation site for rolling-circle replication is located (ϩ1), the bending locus (shaded bar), induced by the presence of phased A(T) tracts (small black boxes), the TATA boxes, the initiation sites (large arrows) for both virion-sense and complementary-sense mRNAs (Dekker et al., 1991) , and the beginning of the ORFs toward each side (MP, movement protein; RepA (C1 ORF)). Numbers, as described in the text, refer to the distance between the initiation site (ϩ1) and the upstream and downstream boundaries of the LIR, indicated by negative and positive signs, respectively. The corresponding positions according to the WDV genetic map (Woolston et al., 1988) are given in parentheses.
fore, two replicating plasmids coexist. To determine the ability of partially deleted LIRs to direct DNA replication in the absence of another replicating plasmid (pWori), we carried out experiments in which Rep was provided in trans, from plasmid p35S.AϩB (Xie et al., 1996) , a nonreplicating plasmid which expressed both RepA and Rep from the cauliflower mosaic virus 35S promoter. Thus, plasmids carrying deletions from either side of the WDV LIR were cotransfected with p35S.AϩB and the amount of plasmid accumulation was detected by Southern hybridization (Fig. 5A) . The replication efficiency of most of the plasmids tested was consistent with previous results, except for the largest LIR deletion, which strongly impaired WDV DNA replication under competition conditions. For example, a deletion up to nucleotide position Ϫ178, which did not allow the accumulation of detectable plasmid DNA in cotransfection experiments with the wild-type WDV LIR, even 3 days after transfection (Figs. 2 and 3), was now able to support levels of DNA replication which were detectable at an equivalent time (Fig. 5A) . A further 9-bp deletion (up to nucleotide position Ϫ169) makes the plasmid unable to replicate, also in the absence of competition with a wild-type LIR (Fig. 5A ). Taken together, our results indicate that, in this assay, the 5Ј boundary of the minimal cis-acting sequences required for WDV DNA replication is located between positions Ϫ178 and Ϫ169. Furthermore, based on the replication efficiency of the deleted LIRs alone and in competition experiments, our data strongly suggest that DNA sequences in the region upstream from position Ϫ169 stimulate WDV DNA replication. One likely possibility is that these sequences contribute to the stabilization of a replication complex required for DNA replication.
We next determined the replication efficiency of plasmids carrying the minimal DNA sequences that support WDV FIG. 3 . Fine mapping of the 5Ј boundary of the minimal cis-acting element required for efficient WDV DNA replication. pWori⌬⌬ derivatives carrying the indicated unidirectionally deleted versions of the LIR were cotransfected with pWori and plasmid DNA replication was analyzed 2 and 3 days after transfection as described for Fig. 1B . The nucleotide position defining the 5Ј end of the partially deleted LIR is indicated for each lane. In all cases, the 3Ј end corresponds to position ϩ170. The control lane (C, Ϫ242) is a sample cotransfected with pWori and pWori⌬⌬. The supercoiled forms of pWori and pWori⌬⌬ and its derivatives (LIR mutants) are indicated by arrows. Note that pWori is present in all samples, while pWori⌬⌬ is present only in the first lane (C, Ϫ242). In the upper part of the figure, the region of the WDV LIR studied in this series of experiments is enlarged. Symbols are as in Fig. 1C .
FIG. 2. Replication efficiency of WDV plasmids carrying various deletions upstream from the initiation site (5Ј-deleted LIRs)
. pWori⌬⌬ derivatives carrying the indicated unidirectionally deleted versions of the LIR were cotransfected with pWori and plasmid DNA replication was analyzed 2 and 3 days after transfection as described for Fig. 1B . The nucleotide position defining the 5Ј end of the partially deleted LIR is indicated for each lane. In all cases, the 3Ј end corresponds to position ϩ170. The control lane (C, Ϫ242) is a sample cotransfected with pWori and pWori⌬⌬. The supercoiled forms of pWori, pWori⌬⌬, and its derivatives (LIR mutants) are indicated by arrows. Note that pWori is present in all samples, while pWori⌬⌬ is present in only the first lane (C, Ϫ242) of each day after transfection. In the upper part of the figure, the region of the WDV LIR studied in this series of experiments is enlarged. Symbols are as in Fig. 1C. DNA replication in the presence or the absence of competition with a replicating plasmid. Thus, we constructed plasmids which lacked part of WDV LIR sequences from both sides, transfected them with either pWori or p35S.AϩB, and measured the amount of plasmid accumulation by Southern hybridization. A plasmid containing LIR sequences between positions Ϫ188 and ϩ25 did not produce detectable levels of DNA replication in competition experiments with pWori (Fig. 5B) . However, pW(Ϫ192,ϩ28), a plasmid containing a LIR with just three to four additional nucleotides on either side, replicated to detectable levels 3 days after transfection, but with a significantly lower efficiency than pWori ( Fig. 5B ; note the switch in the replication levels of the two plasmids present, compared with the control lane with pWori and pWori⌬⌬). In agreement with previous results, the replication defect of these plasmids carrying deletions on both sides of the LIR can be partially corrected when the experiments were carried out in the absence of competition. Thus, both pW(Ϫ192,ϩ28) and pW(Ϫ188,ϩ25) plasmids were able to replicate, although still to different extents (Fig. 5B ), in agreement with the conclusion that DNA sequences between position ϩ25 and ϩ50/ϩ63, although not essential, stimulate DNA replication in these assays.
Structure and localization of WDV Rep±DNA complexes
The deletion analyses reported here indicate that LIR sequences required for WDV DNA replication not only consist of the potential stem-loop structure, where the initiation site is located, but also of DNA sequences located far upstream of it. Therefore, it is likely that the initiator Rep protein can form complexes within the cisacting element mapped in this study. Thus, we carried out binding experiments using purifed WDV Rep±MBP fusion protein to visualize nucleoprotein complexes directly by electron microscopy, analyze their structure, and determine their location.
Initial experiments were carried out using a NcoI± Asp718 DNA fragment of plasmid pW(Ϫ242,ϩ63), which was found to support efficient WDV DNA replication in cultured wheat cells. In this case, all complexes appeared to be located near one end of the DNA molecule (not shown). Then, we used the 510-bp-long HindIII± Asp718 DNA fragment of the same plasmid, in which the NcoI site is located at 205 bp from the HindIII site. DNA±protein complexes were found, in all cases, at an internal position (Fig. 6) , indicating that complex formation had occurred near the NcoI site. In these binding experiments, the remaining 3404-bp-long fragment from pW(Ϫ242,ϩ63), which does not contain LIR sequences, was also included in the binding reaction as an internal control to evaluate potential nonspecific interactions between WDV Rep±MBP and DNA molecules lacking LIR sequences. DNA±protein complexes were never observed on the DNA fragment lacking WDV LIR sequences or when the MBP alone was used (not shown). This indicates that complex formation is dependent on both WDV LIR sequences and Rep protein.
Nucleoprotein complexes appear homogeneous in structure and rather spherical in shape (Fig. 6) . Their large apparent size is consistent with the participation of several Rep monomers in complex formation. An abrupt change in the DNA path was frequently observed at the site where the protein seems to interact with DNA. A likely possibility is that, upon binding, WDV Rep may induce a strong distortion in the DNA molecule, e. g., bending. This could occur as a consequence of DNA partially wrapping around the protein moiety. Contour   FIG. 4 . Replication efficiency of WDV plasmids carrying various deletions downstream from the initiation site (3Ј-deleted LIRs). pWori⌬⌬ derivatives carrying the indicated unidirectionally deleted versions of the LIR were cotransfected with pWori and plasmid DNA replication was analyzed 2 and 3 days after transfection as described for Fig. 1B . The nucleotide position defining the 3Ј end of the partialy deleted LIR is indicated for each lane. In all cases, the 5Ј end corresponds to position Ϫ242. The control lane (C, ϩ170) is a sample cotransfected with pWori and pWori⌬⌬. The supercoiled forms of pWori and pWori⌬⌬ and its derivatives (LIR mutants) are indicated by arrows. Note that pWori is present in all samples, while pWori⌬⌬ is present in only the first lane (C, ϩ170). In the upper part of the figure, the region of the WDV LIR studied in this series of experiments is enlarged. Symbols are as in Fig. 1C. measurements of the total length of naked and complexed DNA molecules indicate that a significant change in the DNA length did not occur upon complex formation (Table 1) . This is consistent with a complex in which the protein core establishes contacts with the DNA molecule without extensive wrapping.
Length measurements also allowed us to determine where the complex is formed. We measured both the short and the long DNA arms left at either side of the complex, and the data are summarized in Table 1 . Thus, the location of the DNA±protein complex can be mapped, on average, at a distance of 144 Ϯ 18 bp upstream from the initiation site, between the start site for complementary-sense transcription and the TATA box.
DISCUSSION
The geminivirus DNA replication cycle includes two distinct stages (reviewed in Bisaro, 1996) . Early after infection, the ssDNA genome reaches the nucleus and it is converted into dsDNA molecules. This ssDNA 3 dsDNA conversion is carried out exclusively by cellular factors. The dsDNA product seems to be associated with histones to form a minichromosome structure (Pilartz and Jeske, 1992) . It serves as template for transcription of viral genes, required to complete the next stage of the viral replication cycle (Lazarowitz, 1992; Bisaro, 1996) . The second stage consists of a rolling-circle type of strand-displacement replication which releases circular ssDNA products. The newly synthesized ssDNA can be incorporated into the replication pool or encapsidated.
The available data are consistent with the idea that cellular functions typical of S-phase are likely induced upon geminivirus infection, thus contributing to the production of a cellular environment favorable for viral DNA replication. Thus, the TGMV Rep-dependent accumulation of PCNA in transgenic tobacco plants (Nagar et al., 1995) and the interaction of plant Rb proteins with WDV RepA (Grafi et al., 1996; Xie et al., 1996) and TGMV Rep (Ach et al., 1997) are in support of such a view. While in WDV, Rb binding is mediated by a LXCXE motif (Xie et al., , 1996 , the TGMV Rep Rb-binding domain and the critical amino acid residues are not yet known.
Initiation of DNA replication depends on the activity of trans-acting factors on cis-acting signals. In the case of WDV, it was known that the stem-loop, but not a large region downstream, is required for viral DNA replication (Hofer et al., 1992) , a situation similar to that of maize streak virus (Schneider et al., 1992) and in agreement with early observations in TGMV (Revington et al., 1989 ). An alternative initiation site has been also mapped (Heyraud et al., 1993) . Based on a phylogenetic sequence analysis of the intergenic region, it was reported that the structural organization of iterative elements is different for each geminivirus subgroup (Argu È ello-Astorga et al., 1994) . Thus, it was proposed that such organization confers specificity and that specific binding sites for subgroup I geminivirus Rep protein reside in the conserved stem-loop structure (Argu È ello-Astorga et al., 1994) .
Our study has been directly aimed at addressing these questions: (i) identify the cis-acting sequences required for WDV DNA replication in cultured cells and (ii) characterize WDV Rep±DNA complexes. Based on a deletion analysis from either side of the WDV LIR, we concluded that, in addition to the stem-loop structure, subgroup I geminiviruses also require an extensive cis-acting DNA element for efficient viral DNA replication (Fig. 7) . Our analysis has defined a broad ϳ300-bp region within the LIR required for efficient WDV DNA replication. Deletion from either end of this region produces a progressive loss of replication efficiency. Furthermore, an internal ϳ200-bp region (between positions Ϫ178/Ϫ169 and ϩ25) seems to contain DNA sequences which are essential for viral DNA replication. The possibility that part of the DNA sequences within this element may not be needed for DNA replication cannot presently be ruled out. Downstream from the stem-loop, DNA sequences between positions ϩ28 and ϩ50/ϩ63 stimulate DNA replication. A much smaller, but detectable, stimulatory effect of sequences downstream from position ϩ50/ϩ63 have been observed using a different assay (Sua Â rezLo Â pez and Gutie Â rrez, 1997). This region includes the intrinsic bent DNA found in WDV which is likely produced by the presence of phased A/T tracts (between positions ϩ36 and ϩ114). On the 5Ј side, the result was unanticipated since elimination of sequences close to the ATG for the C1 ORF (position Ϫ221, nucleotide 2613 in the WDV map; Woolston et al., 1988) already had an effect on viral DNA replication. Therefore, we propose that the cis-acting element involved in DNA replication consists of a central domain (core), required for origin function, flanked by auxiliary regions (5Ј-aux and 3Ј-aux) containing DNA sequences which stimulate DNA replication (Fig. 7) .
Electron microscopic observation indicate that a relatively large protein complex interacts with DNA. Since the DNA length is not significantly reduced upon binding, protein contacts established with DNA should not involve extensive DNA wrapping around the protein moiety. The interaction between WDV Rep monomers detected in a yeast two-hybrid assay (Ramõ Ârez-Parra and Gutie Â rrez, unpublished), also observed for the related maize streak virus (MSV) Rep (Horvath et al., submitted for publication), as well as the ability of TGMV Rep to oligomerize (Orozco et al., 1997) , is consistent with the participation of several Rep molecules in complex formation. However, the actual size of the protein core and the number of Rep monomers present in the complex could not be estimated in these experiments. We have mapped a high-affinity binding site for WDV Rep in the proximity of the TATA box of the complementary-sense promoter (Fig. 7) . The possibility that WDV Rep could bind less efficiently to other sites under different binding conditions is still open.
Thus, comparison of the data available for TGMV, BCTV, and WDV supports the idea that some similarities, perhaps more than previously anticipated (Argu Èello- Astorga et al., 1994) , appear to exist among the three geminivirus subgroups, at least in terms of cis-acting b Average length Ϯ standard error of the mean calculated on 30 molecules in each case.
FIG. 6.
Visualization of nucleoprotein complexes by electron microscopy. The 510-bp HindIII±Asp718 DNA fragment from pW(Ϫ242, ϩ63), a WDV plasmid fully competent for DNA replication, was incubated with purified WDV Rep±MBP, the mixture was adsorbed to mica, and the samples processed to visualize protein±DNA complexes under the electron microscope, as described under Material and Methods. See text for a detailed description. The core domain of the cis-acting element has been shaded. Bar corresponds to 100 bp. signals required for replication and the location of Rep± DNA complexes. The initiation site is located, in all cases, within the invariant 9-nt loop (Heyraud et al., 1993; Stanley, 1995; Stenger et al., 1991) . DNA sequences around the initiation site are different but they all allow the formation of a stem-loop structure required for replication (Orozco and Hanley-Bowdoin, 1996) . The initiation reaction, defined by the specific nicking of the (ϩ)strand, is carried out by the Rep protein whose N-terminal domain is necessary and sufficient in both WDV (HeyraudNitschke et al., 1995) and TGMV (Orozco et al., 1997) . The importance of directly repeated sequences, which mediate Rep binding, in viral DNA replication has been demonstrated for TGMV (Fontes et al., 1994b) and BCTV (Choi and Stenger, 1996) . Finally, the location of DNA±protein complexes within the essential cis-acting element of WDV (this work) is remarkably similar to that of the TGMV Rep-binding site (Fontes et al., 1992 (Fontes et al., , 1994a . A challenge for the future is to understand the molecular events that allow the initiation reaction at a relatively long distance from the site where the initiator protein binds with high affinity to DNA. One possibility is that a conformational change of the origin region occurs upon complex formation that brings the invariant 9-mer sequence close to the Rep±DNA complex. This process may be mediated and/or stimulated by other proteins, likely of cellular origin. Interactions with cellular factors may also be the molecular basis for the species specificity of geminivirus DNA replication, since they can contribute to the establishment of a functional complex at the origin.
The modular organization of the DNA replication cisacting element of TGMV (Fontes et al., 1994b) and of WDV (this work) and the overlapping of DNA sequences involved in DNA replication and transcription in TGMV (Eagle et al., 1994) are characteristic features of the DNA replication origins of animal DNA viruses (DePamphilis, 1988) , where auxiliary regions flanking a core element stimulate DNA replication, e. g., SV40 (Lee-Chen and Woodworth-Gutai, 1986; Guo et al., 1989; Gutie Â rrez et al., 1990) and polyomavirus (Prives et al., 1987; Martõ Ânez-Salas et al., 1988) . Furthermore, the location of the TGMV Rep-binding site was consistent with its ability to regulate its own synthesis (Sunter et al., 1993; Eagle et al., 1994; Eagle and Hanley-Bowdoin, 1997) , also a characteristic feature of the related African cassava mosaic virus Rep (Haley et al., 1992; Hong and Stanley, 1995) . Whether WDV Rep autoregulates its own expression is not presently known. However, the location of WDV Rep± DNA complexes between the TATA box and the Rep transcription start site is highly suggestive of such a role for WDV Rep.
In summary, we have established that a cis-acting element of ϳ200 bp within the WDV LIR is required for viral DNA replication in cultured cells. This element contains 28 and ϳ170 bp, downstream and upstream, respectively, from the initiation site (ϩ1). This minimal cis-acting element is flanked by two auxiliary elements of ϳ70 bp (5Ј-aux) and ϳ30 bp (3Ј-aux), containing sequences which stimulate WDV DNA replication in cultured cells. We have also visualized Rep±MBP±DNA complexes within the minimal cis-acting element. Altogether our studies reinforce the idea that the different domains that constitute the geminivirus DNA replication origin may serve distinct functions during viral DNA replication and transcription. Future studies should be aimed at understanding the molecular mechanisms behind these processes.
FIG. 7.
Organization of the cis-acting element of the WDV LIR required for viral DNA replication. The cis-acting element can be dissected into three subregions: a ϳ200 bp central core containing the initiation site (ϩ1) and spanning ϳ170 and 28 bp upstream and downstream, respectively, from the initiation site, flanked at either side by two regions of ϳ70 (5Ј-aux region) and 22 bp (3Ј-aux region), upstream and downstream, respectively, which serve a stimulatory function. A high-affinity binding site for WDV Rep is located near the TATA box for complementary-sense transcription at ϳ144 Ϯ 18 bp upstream from the initiation site.
MATERIAL AND METHODS
DNA manipulations
Restriction endonucleases and other enzymes for DNA manipulations were from Merck, Boehringer Mannheim, New England Biolabs and Promega. Unlabeled deoxynucleotides were from Pharmacia. Standard DNA manipulation techniques were carried out as described in Sambrook et al. (1989) . DNA sequencing was carried out using a T7 DNA polymerase (Sequenase) sequencing kit.
Plasmid constructions
Plasmid pWori⌬⌬ was constructed by deleting the 635-bp HindIII/NdeI fragment of pWori . Deletions from the 5Ј end of the LIR were constructed by treating NcoI-digested pWori DNA (10 g) with Bal31 exonuclease in a reaction volume of 50 l as described (Sambrook et al., 1989) , except that the reaction temperature was 25°C. At 2-min intervals, 5-l aliquots of the reaction were taken to obtain a wide range of deletions. The DNA ends were repaired with DNA polymerase I Klenow fragment and ligated to NcoI linkers (New England Biolabs). Then, the samples were digested with Asp718, NcoI, and NdeI and ligated to the 3604-bp NcoI± Asp718 fragment of pWori⌬⌬. Finally, the ligation mixture was used to transform Escherichia coli DH5␣ cells. Clones with an appropriate size were classified according to their restriction pattern with NcoI, Asp718, and EcoRI and sequenced to identify the fragment deleted in each case. Plasmids containing deletions from the 3Ј end of the LIR were constructed in a similar way, but using Asp718-digested pWori DNA as substrate of the Bal31 exonuclease and adding KpnI linkers (New England Biolabs) before ligation.
Plant cell culture
The Triticum monococcum suspension culture was obtained from P. Mullineaux (John Innes Centre, UK) and maintained as described .
Transfection of wheat cultured cells by particle bombardment
Cells were pelleted by centrifugation at 1000 rpm for 3 min and the supernatant was removed. Approximately 0.20±0.25 ml of packed cells were spread with a spatula onto Whatman No. 1 filter paper, which was placed on CHS medium supplemented with 0.25 M mannitol (Perl et al., 1992) and solidified with 0.8% agar (bombardment medium). Conditions for DNA adsorption and particle bombardment were as described (Sua Â rez-Lo Â pez and Gutie Â rrez, 1997; Xie et al., 1995) . Since each experimental time point corresponds to a cell plate independently transfected, we conclude that minimal variability occurs under our conditions. Replication assays were repeated at least twice. The results were reproducible, especially when comparing the behavior of different plasmids, relative to the controls, analyzed within the same transfection experiment. In all cases, control experiments were carried out by cotransfection of pWori and pWori⌬⌬ (250 ng each).
Analysis of WDV DNA replication
WDV DNA replication was analyzed essentially as described Sua Â rez-Lo Â pez and Gutie Â rrez, 1997) . Cell pellets were frozen in liquid nitrogen and DNA was isolated as described (Soni and Murray, 1994) . A constant amount of total DNA (5 g) from each sample was fractionated in 0.7% agarose gels and, after electrophoresis, DNA was transferred to nylon membranes (Biodyne A). WDV replicon DNA was detected by hybridization to a probe (pWori⌬⌬) labeled with digoxigenin-11± dUTP according to the conditions recommended by the manufacturer (DIG DNA labeling and detection kit, Boehringer Mannheim).
Purification of WDV Rep-MBP protein
WDV Rep, fused to maltose-binding protein (MBP), was overproduced in E. coli (BL21) using the plasmid vector pMal-c2 (New England Biolabs) in which the intronless viral sequences encoding Rep (HeyraudNitschke et al., 1995) , kindly provided by B. Gronenborn (Gif-sur-Yvette, France), were cloned. E. coli BL21 cells (200 ml) carrying this plasmid were grown up to 0.4 OD 540 in LB medium supplemented with 0.2% glucose. Induction of the recombinant protein was carried out by addition of IPTG to 0.3 mM and incubation for 6 h at 30°C. Cells were pelleted, frozen in liquid nitrogen, and disrupted by grinding in a mortar using alumina (1:2) in a buffer (5 ml) containing 20 mM Tris±HCl, pH 7.5, 0.5 M NaCl, 1 mM EDTA, 10 mM ␤-mercaptoethanol, 1 mM PMSF, 5 g/ml pepstatin, 5 g/ml aprotinin, and 5 g/ml leupeptin. The MBP fusion protein (Rep±MBP, 83.9 kDa) was purified by affinity chromatography on amylose resin (New England Biolabs) according to the manufacturer's instructions.
Electron microscopy of DNA-protein complexes
To analyze WDV DNA±protein complexes, plasmid pW(Ϫ242,ϩ63) was digested with HindIII and Asp718 to produce a LIR-containing fragment of 510 bp plus a 3404-bp-long fragment containing vector sequences, and the DNA was purified. An aliquot (100 ng) of the mixture of the two fragments was incubated with purifed WDV Rep±MBP (ϳ500 ng) in 30 l of a solution containing 20 mM Tris±HCl, pH 8.0, 5 mM MgCl 2 , 1 mM DTT, and 12% glycerol at room temperature for 30 min. Then, glutaraldehyde was added to a final concentration of 0.1% and allowed to react for another 30 min at room temperature. Samples were directly adsorbed to freshly cleaved mica at a DNA concentration of 1 ng/l, and replicas were obtained as described (Sogo et al., 1987) . Electron micrographs were taken routinely at 80 kV and a magnification of 30,000ϫ in a Jeol 1010 electron microscope. Contour DNA length measurements were carried out on photographic prints using a Summagraphic-type digitizer tablet (Gutie Â rrez et al., 1994) .
